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CONS P EC TU S

T omeet the increasing demands of energy storage, particularly for transportation applications such as plug-in hybrid electric
vehicles, researchers will need to develop improved lithium-ion battery electrode materials that exhibit high energy density, high

power, better safety, and longer cycle life. The acceleration of materials discovery, synthesis, and optimization will benefit from the
combination of both experimental and computational methods. First principles (ab Initio) computational methods have beenwidely used in
materials science and can play an important role in accelerating the development and optimization of new energy storage materials. These
methods can prescreen previously unknown compounds and can explain complex phenomena observed with these compounds.

Intercalation compounds, where Liþ ions insert into the host structure without causing significant rearrangement of the original
structure, have served as the workhorse for lithium ion rechargeable battery electrodes. Intercalation compounds will also facilitate the
development of new battery chemistries such as sodium-ion batteries. During the electrochemical discharge reaction process, the
intercalating species travel from the negative to the positive electrode, driving the transition metal ion in the positive electrode to a lower
oxidation state, which delivers useful current.Manymaterials properties change as a function of the intercalating species concentrations (at
different state of charge). Therefore, researcherswill need to understandand control these dynamic changes to optimize the electrochemical
performance of the cell. In this Account, we focus on first-principles computational investigations toward understanding, controlling, and
improving the intrinsic properties of fivewell knownhigh energy density Li intercalation electrodematerials: layered oxides (LiMO2), spinel
oxides (LiM2O4), olivine phosphates (LiMPO4), silicates-Li2MSiO4, and the tavorite-LiM(XO4)F (M=3d transitionmetal elements). For these
five classes of materials, we describe the crystal structures, the redox potentials, the ion mobilities, the possible phase transformation
mechanisms, and structural stability changes, and the relevance of these properties to the development of high-energy, high-power, low-
cost electrochemical systems. These results demonstrate the importance of computational tools in real-world materials development, to
optimize or minimize experimental synthesis and testing, and to predict a material's performance under diverse conditions.

1. Introduction
The performance of today's energy storage materials falls

short of requirements for using electrical energy efficiently

in transportation, commercial, and residential applications,

where the performance requirements significantly differ

from those for portable electronic devices. Lithium ion

batteries (LIB) offer higher energy density and a longer cycle

life than other battery technologies, and have been used as
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a key component of portable electronic devices. They may

offer a possible near-term solution for environmentally

friendly transportation and grid-stability regulation for renew-

able energies sources such as solar- and wind-power. Tomeet

the increasingenergyandpowerdemand, particularly in terms

of $/kWh and/or $/kWwhile keeping safety characteristics in

check, advances in newmaterials for LIB are urgently needed.

Many interrelated chemical and physical processes occur

in electrochemical energy storage materials under the oper-

ating conditions of a rechargeable battery. Electrical energy

is generated by conversion of chemical energy via redox

reactions. Multiple processes happen at different time and

length scales, including charge transfer (micro- tomilliseconds)

and mass transport (seconds to hours) within the bulk of the

materials, as well as across the electrode and electrolyte

interfaces; moreover, structural changes and phase transitions

(seconds, hours to days) can happen according to the state of

the charge. These dynamic processes determine the main

parameters of an energy storage system: energy density,

charge�discharge rate (power density), cycle lifetime, and

safety. The simple schematic in Figure 1 reveals the fact that

the electrode materials function as “living” systems within

which electrons and ions are moving during charge and

discharge. These electronic and ionic motions often trigger

structural changes, defect generation, and phase transforma-

tions, consequently resulting in significant changes in energy

density and rate capability of the entire battery.

First principles (ab initio) modeling refers to the use of

quantum mechanics to determine structure or property of

materials. Ab initio computation methods are best known

for precise control of structures at the atomic level,

constituting perhaps the most powerful tool to predict

structures, and with computational quantum mechanics,

many ground state properties can be accurately predicted

prior to synthesis. More importantly, the reliability and

accuracy of the computational approaches can be signifi-

cantly improved if experimental information is well

integrated to provide realistic models for computation.

Experiments and computation are complementary in na-

ture. Many intrinsic properties of electrodematerials, includ-

ing voltages, structure stability, lithium diffusivity, band

structure, and electronic hopping barriers can now be com-

puted accurately with first-principles computation methods.

Significant inroads have also been made in predicting the

thermal stability and surface properties of electrode materi-

als. Over the past decade, we have seen examples where a

combination of virtual materials design/characterization

and knowledge-guided experimentation have made signifi-

cant impacts on changing the traditional trial-and-true way

of materials design; many of them have accelerated the

pace of development of new high energy high power

density electrode materials for LIB. A good compendium of

such investigations is offered in a previous review article.1

Recently, high-throughput computational methods have

been implemented2and utilized to screen for novel elec-

trode materials.3,4 Based on the predictions from the high

throughput work, some new exciting chemistries are cur-

rently being explored by the experimentalists worldwide.

Regarding any battery technology, measures of its

performance (cell potential, capacity, or energy density

and power density) are related to the intrinsic properties of

the materials that form the positive and negative electrodes

FIGURE 1. Schematics of a lithium ion electrochemical cell and the relevant parameters of Li battery electrode materials in relation to battery
characteristics.
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(Figure 1). The cycle life and shelf life are dependent on the

nature of the electrode materials and electrode/electrolyte

interfaces, whereas safety is a function of the stability of the

electrodematerials and electrolytes, as well as the engineer-

ing design of the batteries. In this Account, we focus on

recent progress made in first-principles computation inves-

tigation toward understanding, controlling, and improving

the intrinsic properties of high energy density electrode

materials in lithium based electrochemical systems.

2. Crystal Structure and Electrochemical
Characteristics of Relevant Electrode
Materials
Currently commercialized positive electrode materials be-

long to three classes of crystal chemistries: layered oxides

(LiMO2), spinel oxides (LiM2O4), and olivine phosphates

LiMPO4 (M = 3d transition metal elements such as Co, Mn,

Fe, etc.) Two new classes of promising materials have

emerged in the last years, the silicates-Li2MSiO4 and the

tavorite-LiM(XO4)F. Figure 2 shows the crystal structures of

each family.

2.1. Oxide ElectrodeMaterials. Layered LiMO2 crystallize

in the R-NaFeO2 structural type (S.G. R3m) shown in

Figure 2a. The structure can be viewed as “ordered rocksalt”

in which alternate layers of Liþ and TM3þ ions (TM =

transition metal oxides) occur in octahedral sites within the

cubic close packed oxygen array. The lithium ions can be

reversibly removed from and reinserted between the (MO6)

layers. A second class of oxide materials (Figure 2b) crystal-

lizes in the spinel structure, S.G. Fd3m, with Li ions in tetra-

hedral 8a sites, TM atoms in the octahedral 16d sites and the

oxygen ions occupying the 32e sites arranged in an almost

cubic close-packed manner. The resulting M2O4 framework

of edge-sharing octahedra (16d and 32e sites) provides a

three-dimensional network of tunnels where the Li ions are

located and throughout which these mobile Li ions can

diffuse.

2.2. Polyoxoanionic Electrode Materials. Figure 2c

shows the structure of olivine-LiMPO4 (S.G. Pnma). It can be

described as a hexagonal close-packing of oxygen with Li

and TM ions located in half of the octahedral sites and P in

one-eighth of the tetrahedral positions. The MO6 octahedra

share four corners in the cb-plane, being cross-linked along

the a-axis by the PO4 groups, whereas Li ions are located in

rows, of edge-shared LiO6 octahedra running along the

b-axis in between two consecutive [MO6] layers. The most

frequent crystal structure of Li2MSiO4 (Figure 2d) is related to

β-Li3PO4 (S.G. Pmn21). It consists of infinite corrugated layers

of composition [SiMO4]¥ lying on the ac-plane and linked

along the b-axis by LiO4 tetrahedra. Within these layers,

each SiO4 tetrahedron shares its four corners with four

neighboring MO4 tetrahedra, and vice versa. Fluoro-

compounds LiM(XO4)F (X = p-block element) crystallize with

the structure of the mineral Tavorite (LiFePO4(OH)). This

FIGURE 2. Crystalline structures of (a) layered-Li[Ni1/4Li1/6Mn7/12]O2, (b) spinel-LiM0.5Mn1.5O4, (c) olivine-LiFePO4, (d) Li2MSiO4, and (e) LiFeSO4F. TM
in green and blue, Li in red, and phosphor and sulfur in orange.
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structure comprises a three-dimensional network built up

from XO4 tetrahedra and MO4F2 octahedra: the F ions are

located in anionic positions not belonging to the phosphate

groups (Figure 2e). From LiMXO4F, it is possible to reversibly

deintercalate one Li ion: LiFeSO4F f FeSO4F þ Li. Yet the

structure could accommodate a second lithium ion per TM

ion, and for certain chemistries it might be possible to

reversibly exchange two electron per TM ion.
Figure 3 summarizes the relevant electrode characteris-

tics of the prototype compound of each family. Theoretical

specific energies refer to themaximumpossible exchangeof

Li ions per formula unit. In most cases, the crystal structures

suffer from certain instability at high degrees of delithiation,

and hence, phase transformations, amorphization, dissolu-

tion in the electrolyte, or decomposition of the electrode

material precludes the practical utilization of the whole

theoretical energy. An overly high lithium insertion voltage,

not accessible with the current electrolytes, can be an addi-

tional constraint to reach the full theoretical capacity. Evi-

dently, energy density requirements for cathode materials

depend on the battery applications (stationary, medical and

portable devices, etc.). Figure 3 highlights the need for

materials improvements tomeet the demanded gravimetric

energy for electrical vehicle application (EV).
With the final goal of designing a better electrode ma-

terial, the development of a new class of materials generally

takes as starting point the improvement of concrete char-

acteristics of a previous class of materials. As large scale

applications of lithium ion batteries are on the horizon,

safety issues have becomeof increasing concern. Phosphate

compounds were introduced in the late nineties in the pur-

suit of an improvement on the safety characteristics of the

oxides electrode materials known of at that time. It was the

need to increase the specific capacity of oxides and olivine

materials that brought the silicates Li2MSiO4 to the field

in 2005. Tavorite-like LiMXO4F seek for a high lithium intercala-

tion voltage and high lithiummobilitywithout paying a penalty

in thermal stability. A progressive improvement of the electrode

characteristics has also been achieved within the well-known

materials family across the years. Research has been intensive

in the layered oxides in the last decades: from the LiCoO2

reported in 1980 to the now promising Li excess materials

Li[NixLi1/3�2x/3Mn2/3�x/3]O2 (0 < x < 1/2). In the next sections,

we will show that extensive density functional theory (DFT)

investigations have been performed on the aforementioned

electrode materials, complementary to experiments, which

have led to the improvement of the electrode characteristics.

3. Oxide Materials
While initial lithium cells considered sulfur compounds as

cathode materials (TiS2), it was soon realized that transition

metal oxides reunited unique properties: high voltage, light-

weight, good chemical stability, and good electronic and ionic

mobility. As inferred from Figure 3, oxidematerials are still the

main candidates for high energy density applications.

3.1. Layered Oxides LiMO2. For the single metal com-

pounds (M = Mn, Co, Ni), early DFT works have shown that

different electrochemical characteristics originate from the

electronic configuration of the transition metal ion (see ref 5

and references therein). In a layered O3-type structure,

lithium diffusion takes place in the lithium layer by hopping

from one octahedral site to another octahedral site through

an intermediate tetrahedral site. A systematic computa-

tional study6 on factors that influence the activation barrier

for Li diffusion in O3 layered oxides led to significant

improvements of the high power cathode material

LiNi1/2Mn1/2O2.
7 Significant computational efforts, combined

with experiments, have been devoted to identify the three-

dimensional cation ordering in this system and how the

ordering changes with the state of charge/discharge.8

“Li-excess” layered oxides, formed as a solid solution

between Li[Li1/3Mn2/3]O2 and LiMO2 (M = Ni, Mn, Co), are

promising candidates for the main on-board storage tech-

nology in plug-in hybrid electric vehicles as they offer

much higher capacity (>250 mAh/g9). Computational first-

principles study of the Li-excess layered oxide compound

Li[Ni1/4Li1/6Mn7/12]O2 revealed a new lithium deintercala-

tion mechanism where stable tetrahedral lithium ions are

formed during the early charging stage andmay not be able

to be extracted before 5 V.10 An atomistic model for a defect

spinel-like phase has been proposed for the first time.When

partially delithiated, the compound Li2/3Ni1/4Mn7/12O2 can

be rewritten as Li[Li1/3Ni1/2Mn7/6]O4, forming a Li-excess

FIGURE 3. Overview of gravimetric energy density for different
chemistries.
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defect-spinel phase where part of the 16d octahedral sites

are occupied by Li ions (Figure 4). In a perfect spinel phase,

only transition metal ions reside on 16d sites. The proposed

phase transformation may partially contribute to the first

cycle irreversible capacity and are the main reason for the

intrinsically poor rate capability of the Li-excess layered

oxide materials.

3.2. Spinel Oxides. In LiMn3þMn4þO4 besides lithium

removal (oxidation of Mn3þ to Mn4þ at ca. 4 V), lithium ions

can be inserted in the octahedral sites not occupied by Mn

leading to Li2Mn2O4 (reduction of Mn4þ to Mn3þ at ca. 3 V).

Lithium insertion occurs by a two phase mechanism in-

volving a transition from cubic Li[Mn2]O4 to tetragonal

Li2[Mn2]O4, which supposes a large c/a ratio variation of

16% and a unit cell volume variation of 5.6%.11 This

undesirable transformation precludes the utilization of the

whole theoretical capacity of LiMn2O4. A better understand-

ing of the phase transformation has been recently achieved

using DFTþU methods.12

The practical specific capacity of LiMn2O4 arises from the

deinsertion of lithium ions and oxidation ofMn3þ toMn4þ at

4 V. LiMn2O4 tends to exhibit capacity fading in this 4 V

region, particularly at elevated temperatures. The partial

substitution of Mn by another transition metal is a common

alternative to ameliorate this drawback. This strategy has

led to a new family of cation-substituted spinels with the

general formula LiMxMn2�xO4,whereM=Ti, V, Cr, Fe, Ni, Co,

Cu. In addition to an improvement of the capacity retention

on cycling, these spinels have the ability to exhibit an extra

capacity above 4.5 V for some transition metal ions. DFTþU

methods have been used to screen the first row transition

metal ions, demonstrating the effects of codoped elementM

on the voltage profile and lithium diffusion activation

barriers.13 Careful examination of the electronic structures

of the codoped LiMxMn2�xO4 with different TM ions shows

that Ti, V prefers to be 4þ, pushing part of the Mn to 3þ,

while Ni, Co, and Cu prefers to be 2þ, leaving all the Mn as

4þ, which directly affect the voltage characteristics. Figure 5

shows the calculated Li diffusion barriers with different

dopants. As compared to the Li diffusion barrier in LiMn2O4,

the average diffusion barrier increases with Ti, V, and Cr

doping and decreases with Co and Cu doping.

Cu is therefore an interesting doping element. However,

the electrochemical behavior of Cu-substituted spinels is

complex, partly due to the unavoidable oxygen deficiency

in the experimentally prepared samples. Joint experimental

and DFTþU studies14,15 of Li[Cu0.5Mn1.5]octO4-δ spinels con-

firmed that the oxygen deficiency originates from the partial

reduction of Mn4þ to Mn3þ . An increasing oxygen defi-

ciency results in a greater charge capacity in the low-voltage

region (around 4 V) due to the higher Mn3þ content. For the

high voltage region (around 4.8 V, redox couple Cu2þ/Cu3þ),

it was found that the electrochemical inactivity of tetrahe-

dral Cu rather than the oxygen content is likely the origin of

the poor charge capacity observed.

4. Polyoxoanionic Materials
Cathode materials consisting of oxygen and transition met-

als become highly oxidized and susceptible for degradation

through exothermic and endothermic phase transitions. The

ability of the charged cathode to release oxygen and com-

bust the flammable organic electrolyte ultimately leads to

fire. This raised the interest in polyoxoanic materials, under

the view that the strength of the X�O bondwould provide a

robust framework capable of sustaining large degrees

of lithium deintercalation without safety hazards. High

throughout ab initio calculations has been recently used to

reinvestigate whether phosphate materials are inherently

safe.4 For a large data set of phosphates, the authors found

that, for the same metal oxidation state, oxygen release

happens thermodynamically at lower temperatures for

phosphates than for oxides. This means that the thermal

stability of a compound ismore driven by the oxidation state

FIGURE 4. Crystal structure model of layered Li[Ni1/4Li1/6Mn7/12]O2:
(a) the TM layer; (b) the Li layer, and (c) a particular orientation showing the
spinel cubic form. Crystal structure of the defect-spinelmodel of Li[Ni1/4Li1/
6Mn7/12]O2: the TM layer comparison of (d) defect vs (e) perfect spinel and
(f) a particular orientation that reveals the layered form. Taken from ref 10
Reproduced by permission of The Royal Society of Chemistry.
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of the transition metal than by the presence of a P�O bond.

The most common oxygen evolution reaction from phos-

phates involves forming oxygen gas and accommodating the

lost of oxygen in the phosphate structure by forming con-

densed phosphates (e.g., pyrophosphates ormetaphosphates).

Thus, although LiFePO4 is a thermally stable material, this is

not a rule of thumb for any phosphate or polyoxoanionic

compound.

Compared to oxides, the use of polyoxoanionic structures

as electrode materials supposes the addition of electrochem-

ically inactive heavy XO4 groups, thereby lowering the

theoretical specific capacity for the one electron process. Yet

this decrement could be offset by a higher lithium intercala-

tion voltage. As stated by Goodenough et al.16 in polyoxo-

anionic structures possessing M�O�X bonds, it is possible

to act on the nature of X to change the ionic-covalent

character of the M�O bonding through the inductive effect

of the counteranion, in order to establish a systematic

mapping and tuning of transition-metal redox potentials.

For instance, with the use of the phosphate polyanions

PO4
3�, the Fe3þ/Fe2þ and V4þ/V3þ redox couples lie at

higher potentials than when in the oxide form.17 The

quantification of voltage shifts in polyoxoanionic com-

pounds is a straightforward operation for first-principles

calculations.18,19 It is found that for a given structural type

and redox couple the voltage shift is correlated to the

electronegativity of the central atom of the polyhedra, X in

XO4. Particular structural factors affecting the lithium inser-

tion voltage in phosphates have been identified utilizing a

large data set of calculated lithium insertion voltages.4

Together with the nature of the redox couple, the voltage

is driven by the electrostatic of the crystal lattice, the P/O

ratio and the P�O bond length.

Most polyoxoanionic materials are insulating com-

poundswith bandgaps of the order of 3 eV (see, for instance,

ref 19) and electronic conductivity occurs by polaron hop-

ping. Generally speaking, the lower electronic conductivity

of polyoxoanion materials leads to lower rate capabilities

compared to oxides. DFTþU investigations offer the oppor-

tunity to explore the electronic conductivity in LiFePO4 by

polaron hopping.20 As many promising new cathode ma-

terial classes such as silicates, borates, and sulfates are

electrically insulating materials, polaron conduction predic-

tion by advanced calculation methods are urgently needed

to predict the rate capability of these materials.

4.1. Olivine LiMPO4. Among the polyoxonaionic struc-

tures, the olivine-LiFePO4 material has received most atten-

tion due to its excellent electrochemical properties. At room

temperature extraction of Li ions from LiFePO4 proceeds via

abiphasic process inwhich the final FePO4 (isostructuralwith

heterosite) structure is obtained throughminimum displace-

ment of the ordered phosphor-olivine framework. In the

LiFePO4 phase diagram an unusual eutectoid transition to

the solid solution phase at about 400 �C was found

experimentally21 and computationally.22

Experimentally the poor electronic conductivity of olivine-

LiFePO4 is overcome by carbon coating techniques. This

leaves ionic mobility as the limiting factor for rate capability.

FIGURE5. Li diffusion barriers in LiM0.5Mn1.5O4 (M=Cr, Fe, Co, Ni, Cu,Mn) calculated byGGAand the local environments of transitionmetal ion rings
that lithium ions migrate in the spinel structure. Adapted with permission from 13. Copyright 2011 American Chemical Society.
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DFT investigation showed that the Li hopping between the

chains of edge sharing octahedrons (see Figure 3c) is highly

unfavorable at room temperature, with activation barriers

more than 1 eV.23 Using nanostructured electrodes, better

rate capabilities can be obtained because the distance over

which Li ion must diffuse in the solid state is dramatically

decreased. Simulations of LiFePO4 materials helped to

elucidate the ultrafast delithiation processes of nano-

LiFePO4.
24 The authors investigated several surface prop-

erties of olivine structure LiFePO4 and found the calculated

surface energies and surface redox potentials to be very

anisotropic. The two low-energy surfaces (010) and (201)

dominate in the Wulff (equilibrium) crystal shape and

make up almost 85% of the surface area. More interest-

ingly in ref 24, the Li redox potential for the (0 1 0) surface is

calculated to be 2.95 V, which is significantly lower than the

bulk value of 3.55 V. This study reveals the importance of

controlling both the size and morphology of nanoelectrode

materials.

In recent years, it has been revealed that Li and Fe

exchanges sites under most of the synthetic conditions

and the amount of Li�Fe antisite defects can be as high as

10%. A recent first-principles study by Malik et al.25 demon-

strated that the Fe residing on Li sites impedes fast 1D

transport along the [010] direction. Li trapped between the

antisite defects cannot access fast 1D diffusion in and out of

the particle, and as the particle size is increased, all Li

become trapped for any finite defect concentration

(Figure 6). The diffusivity in defective LiFePO4 is determined

by first-principles calculation, which shows in the presence

of modest defect concentrations, Li transport in nano-

LiFePO4 is orders of magnitude faster than in large particles.

Computational work has also been crucial in the investi-

gation of high pressure driven transformations of olivine

electrode materials. Contrary to temperature, pressure is an

easy parameter for DFT methods. The combination of DFT

methods and experiments has led to the preparation of

several novel LixMXO4 high pressure polymorphs com-

pounds (M = Mn, Fe, Co, Ni and X = P, As), crystallizing in

the Na2CrO4 and spinel structural types (refs 26 and 27, and

references therein). Despite the better electronic conductiv-

ity of the high pressure materials, the low lithium mobility

results in poor electrochemical performance of the high

pressure forms of olivine-LixFePO4 (x = 0, 1) as positive

electrode for lithium batteries.

4.2. Silicates Li2MSiO4. Current strategies to increase the

specific energyof cathodematerials pursue thedevelopment of

materials displaying high specific capacities, beyond the one

electron process offered by commercialized materials. The

Li2MSiO4 (M = Fe, Mn, Co, Ni) family is attractive due to the at

least theoretical possibility to reversibly deintercalate two

lithium equivalents from the structure. The voltage of the redox

processes Mþ2/Mþ3 and M3þ/M4þ were predicted in 2006,19

and some of these predictions were later experimentally

confirmed.28,29 As seen in Figure 7, in terms of lithium intercala-

tionvoltage, Li2MnSiO4 is thebest candidate for the twoelectron

process. However, joint computational and experimental work

demonstrated that the crystal structure of Li2MnSiO4 collapses

under lithiumdeinsertion,30 forming aMnSiO4 structure built by

edge-sharing Mn4þ octahedra. This is not surprising; in the

Li2MSiO4 structures, TM occupy tetrahedral sites and there is a

strong driving force for most M3þ and M4þ ions to change the

coordinationupon lithiumextraction and the structureofMSiO4

to transform into a more stable structure or to collapse.19,31

Li2MSiO4 compounds exhibit a rich polymorphism,

adopting a large variety of crystal structures related to

FIGURE 6. Expected unblocked capacity vs channel length in LiFePO4

for various defect concentrations. Reprinted with permission from 25.
Copyright 2010 American Chemical Society.

FIGURE 7. Prediction of lithium insertion voltages for Li2MSiO4 com-
pounds. Crosses indicate the experimental values. Adapted from ref 19
with permission from Elsevier.
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Li3PO4 polymorphs but showing a different connectivity for

the [SiO4], [LiO4], and [MO4] tetrahedral units.28,32 Both

experiments28,32 and calculations33,34 agree that the crystal

structure has little impact on the general characteristics of

the known polymorphs. For various Li2FeSiO4 polymorphs,

calculations predict that the deinsertion of the second Li ion

occurs at a very high voltage (Figure 8a). This process is

accompanied by a notorious volume expansion (20%) and

the creation of holes in the O-2p band,35 both factors being

detrimental for the structural stability of highly delithiated

phases. In addition, the calculatedminimum lithiummigration

barriers are as large of 0.8�0.9 eV.36,37 In view of the above,

structural and/or compositional modifications are required to

turn Li2MSiO4 into competitive material. Compositional mod-

ifications involving the oxoanion are an interesting approach

to modify the properties of Li2MSiO4 silicates. A possible

strategy is the substitution of O ions by other first row p-ele-

ments. It has been recently predicted that the electrochemical

characteristics of Li2FeSiO4 are improved in the N substituted

compounds Li2FeSiO4�yNy (y = 0.5, 1),35 as can be seen in the

predicted voltage�composition profile shown in Figure 8b.

The high theoretical specific capacity of Li2FeSiO4 (330mAh/g)

could be retained in N-substituted silicates thanks to the

oxidation of N3- anions, which is predicted to be in a voltage

range of ca. 3.5�4.2 V. In the light of the potential benefits, N

substitution for O experimental work is encouraged, in parti-

cular to investigate the reversibility and overpotential of the N

redox reaction. Contrary to the beneficial effect of N-substitu-

tion, it has been predicted that F substitution is detrimental for

the materials performance.38 Fluorine substitution is generally

considered to shift the electrodematerials potential to bemore

positive. Computational investigation of virtual materials

based on (XþzO4�yFy)
zþy�8 units39 predicts that the redox

potential would become more positive, but only if the F ions

belong to the first coordination shell of the transitionmetal ion

that is electrochemically active (existence of M�F bonds).

4.3. Tavorite LiMXO4F. As discussed above, one can

expect that for the same redox couple sulfates will have

higher voltages than phosphates. In LiFeSO4F, the combin-

ing effect of sulfate groups and the F counterions in the

[FeO4F2] octahedra raises the voltage of the Fe
2þ/Fe3þ redox

couple to 3.6 V, compared to 3.45 V for LiFePO4.
40 Similar

voltage increases have been computationally predicted

for a large variety of redox-couples in tavorite-like LiMXO4F

(X =P, S) compared to the isostructural LiMXO4O (X = P, S).3

Calculated activation energies for lithium diffusion through

known tavorite electrode materials support experimental

results that these materials are capable of very high rates

of lithium diffusion.41 This eliminates the need of carbon

coating or nanoparticle sizing for fast rate diffusion. While

deinsertion from tavorite-LiMSO4F is limited to one Li ion per

TM, high throughput calculations have identified several

tavorite-fluorophosphates thatmay be capable of reversibly

inserting two lithium ions per TM ions metal: V(PO4)F,

MoO(PO4), WO(PO4), and NbO(PO4).
3

Many essential aspects remain to be explored for the

tavorite-like materials, such as the interplay between

lithium ordering and the electronic configuration of the

TM ions,42 which likely generates the different voltage�
composition profile observed for Li1�xMPO4F (M = V, Ti, Fe).

First principles calculations are also expected to lead the

designof promising LiFe1�xMxSO4F tavorite-likematerials.43

It has been recently shown that the5%substitution ofMn for

Fe in tavorite-LiFeSO4F stabilized a new material with the

FIGURE 8. (a) Influence of polymorphism in the voltage composition profile of Li2FeSiO4. Adapted with permission from 34. Copyright 2012 American
Chemical Society. (b) Calculated voltage Li composition profiles for Li2FeSiO4 (green), Li2FeSi3.5N0.5 (blue), and Li2FeSiO3N (red). Reproduced from 35 by
permission of The Royal Society of Chemistry.
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triplite structure.44 In this novelmaterial, the reversible deinser-

tion of 0.9 Li ions occurs at 3.90 V, the highest voltage ever

reported for the Fe2þ/Fe3þ redox couple, with a small volume

change of 0.6%. Future DFTworks will be needed to clarify the

phase stability and electrochemical properties in relation to the

crystal structure for tavorite and triplite LiMXO4F materials.

5. Concluding Remarks
In this Account, we have illustrated how first-principles

computation can accelerate the search for energy storage

electrode materials for lithium ion batteries. New electrode

materials exhibiting high energy, high power, better safety

and longer cycle life must be developed tomeet the increas-

ing demand of energy storage, particularly in transportation

applications such as plug-in HEV. We have demonstrated

the achievements toward predicting relevant properties

(including voltage, structure stability, electronic property,

etc.) of electrode materials using DFT based first-principles

methods. In summary, these capabilities establish first-

principles computation as an invaluable tool in designing

new electrode materials for lithium ion batteries.45 How-

ever, despite these capabilities, it is important to recognize

that many challenges still need to be resolved; predicting

new mechanisms (other than intercalation), new properties of

nanoscale materials, and atomistic understanding of the sur-

face and interphase- remain as the challenges to first-principles

computation. The implication of computational materials de-

sign goes far beyond the field of lithium ion battery materials.

What we will see in the near future is a paradigm shift of how

advanced materials discovery and deployment are done.

Computational tools will be critically important to enable

real-world materials development, optimization or minimiza-

tion of traditional experimental testing, and prediction of

materials performance under diverse conditions.
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